initiation of transcription requires the binding of a 40 kD protein factor, variously called factor A or transcription factor IIIA (TFIIIA), which had been purified from oocyte extracts. By deletion mapping it was found that this factor interacts with a region about 50 nucleotides long within the gene, called the internal control region. This was the first eukaryotic transcription factor to be described.
Immature oocytes store 5S RNA molecules in the form of 7S ribonucleoprotein particles, 4) each containing a single 40 kD protein which was later shown 5) to be identical with transcription factor IIIA. TFIIIA therefore binds both 5S RNA and its cognate DNA and it was therefore suggested that it may mediate autoregulation of 5S gene transcription. 5) Whether this autoregulation occurred in vivo or not, the dual interaction provided an interesting structural problem which could be approached because of the presence of large quantities of the protein TFIIIA in immature Xenopus oocytes.
In the autumn of 1982, I therefore proposed to a new graduate student, Jonathan Miller, that he begin studies on TFIIIA. This led to the discovery of a remarkable repeating motif within the protein, which we later, in laboratory jargon, called zinc fingers, because they contained zinc and gripped or grasped the DNA. The full story of the experiments is told in our first paper 6) and I will only summarize it here. I should however emphasize that the repeating structure was discovered through biochemistry, not, as some reviews have stated, by computer sequence analysis. When the sequence was published I looked for, and found by eye, a repeating pattern, which was then confirmed and aligned as a repeating motif of 30 amino acids by Andrew McLachlan's computer analysis 6) (Fig. 1 ).
Preparation and characterisation of TFIIIA from the 7S RNP particle. When Miller repeated the published protocols for purifying the 7S particle, he obtained very low yields, which we attributed to dissociation. Brown and Roeder had used buffers which contained variously dithiothreitol (DTT), used because the protein had a high cysteine content, and EDTA to remove any contamination by metals which hydrolyse A. KLUG 88 [Vol. 81(B), Fig. 1 . Amino acid sequence 9) of Transcription Factor IIIA from X. laevis oocytes aligned to show the repeating units. 6) The best conserved residues are ringed. The boxed-in consensus sequences is shown at the top, indexed on a repeat unit of 30 amino acids. The structural units or finger modules (Fig. 2 ) begin at amino acid number 6, separated by a five amino acid linker. nucleic acids. We observed that gel filtration of the complex in 0.1 mM DTT resulted in separate elution of protein and 5S RNA. However, when we found that the strong reducing agent sodium borohydride did not disrupt the complex, we realized that the protein was not being held together by disulfide bridges, and that therefore a metal might be involved. When the particle was incubated with a variety of chelating agents, particle dissociation could be prevented only by prior addition of Zn 2+ , and not by a variety of other metals. Analysis of a partially purified 7S preparation by atomic absorption spectroscopy also revealed a significant concentration of Zn, with at least 5 mol Zn per mol particle.
While these experiments were in progress, Hanas et al. 7) reported the presence of Zn in the 7S particle, at a ratio of two per particle. We thought this must be an underestimate since their buffers contained 0.5 mM or 1 mM DTT, which has a high binding constant for Zn of about 10 10 . We therefore repeated the analysis with pure and undissociated particle preparations, taking great care to ensure no contamination. We concluded that the native 7S particle contains between 7 and 11 zinc ions. This result was consistent with the fact that the protein was known to contain large numbers of histidine and cysteine residues, the commonest ligands for zinc in enzymes and other proteins. This hinted at some kind of internal substructure. A natural step was therefore to see if any such substructure could be revealed by proteolytic digestion, and Miller had already begun such studies. He had found two products, an intermediate 33 kD fragment, and a limit 23 kD. At about that time Brown's group 8) also showed that, on treatment with proteolytic enzymes, the 40 kD TFIIIA protein breaks down to a 30 kD product, which is then converted to a 20 kD product. They proposed that TFIIIA consists of three structural domains which they identified as binding to different parts of the 50 base-pair internal control region of the 5S RNA gene. Carrying our proteolytic studies further, we found that on prolonged proteolysis the TFIIIA product breaks down further, finally to a limit digest of about 3 kD. In the course of this breakdown, periodic intermediates differing in size by about 3 kD could be seen. The correspondence in size between these last two values suggested that the 30 kD domain of TFIIIA might contain a periodic arrangement of small, compact domains each of 3 kD. If each such domain contained one Zn atom, then the observed high Zn content would be accounted for.
This novel idea of a small Zn-stabilized domains was strengthened by the timely publication by Roeder's group 9) of the sequence of TFIIIA derived from a cDNA clone. By inspection, it could be seen that the large number of cysteines and histidines present in the protein appeared to occur a in more or less regular pattern. A rigorous computer analysis showed that, of the 344 amino acids of the TFIIIA sequence residues, numbers 13-276 form a continuous run of nine tandemly repeated, similar units of about 30 amino acids, each containing two invariant pairs of histidines and cysteines 6) ( Fig. 1 ).
Repeating patterns in the sequence were also noticed by Brown, Sander & Argos 10) who concluded, however, that the whole protein was divided into twelve repeats, indexed on a 39 amino acid unit (although their abstract states "about 30"). A repeating structure for TFIIIA. From the three different lines of evidence described above, namely (1) a 30 amino acid repeat in the sequence, which (2) corresponds in size to the observed periodic Folding scheme for a linear arrangement of repeating structural units ("zinc finger modules"), each centred on a tetrahedral arrangement of zinc ligands, Cys 2 His 2 . Also shown are the three hydrophobic groups which were proposed to form a structural core, as confirmed later (Fig. 4 below) .
(a) (b)
intermediates and the limit-digest product of 3 kD, and (3) the measured Zn content of 7-11 atoms, we proposed 6) that the 30 kD region of the TFIIIA protein has a repeating structure consisting of nine 30 amino acid units (Fig. 2a) . 25 of the 30 amino acids in the repeat fold around a Zn ion to form a small independent structural domain or module, the "finger", and the five intervening amino acids provide the linkers between consecutive fingers (Fig. 2b) . The Zn ion forms the basis of the folding by being tetrahedrally coordinated to the two invariant pairs of cysteines and histidines. Each repeat also contains, besides this unique conserved pattern of Cys-Cys …. His-His, three other conserved amino acids, namely Tyr6 (or Phe6), Phe17 and Leu23, all of which are large hydrophobic residues (Fig. 1) . We suggested that these might interact to form a hydrophobic cluster stabilising the compact finger module. The whole of the 30 amino acid repeat is rich in basic and polar residues but the largest number are found concentrated in the region between the second cysteine and the first histidine, implicating this region in particular in nucleic acid binding. This was later found to be the case. Formally, when indexed on a 30 amino acid repeat, the repeating structure could be written as where h represents a conserved (large) hydrophobic residue. The proposal that each 25 amino acid module formed an independently folded, Zn-stabilized domain soon gained support from two lines of research. First, we carried out a study using EXAFS (extended X-ray absorption fine structure) confirming that the Zn ligands are two cysteines and two histidines. 11) Secondly it was found by Tso et al. 12) that, in the DNA sequence of the gene for TFIIIA, the position of the intron-exon boundaries mark most of the proposed finger module domains. In evolutionary terms, the multi-fingered TFIIIA may have arisen by gene duplication of an ancestral domain comprising about 30 amino acids. Because one such self-contained small domain would have had the ability to bind to nucleic acids, and could be passed on by exon shuffling, we suggested 6) that these domains might occur more widely in gene control proteins than in just this case of TFIIIA. The extent to which this prediction has been borne out (3% of the genes of the human genome, at the latest count 13) ) still, on occasion, astonishes me. Indeed, within months of the publication of our paper, I received word of sequences homologous to the zinc finger motif of TFIIIA. The first two were from Drosophila, the serendipity gene from Rosbash's group 14) and Krüppel from Jäckle's group.
15)
A new principle of DNA recognition. The key point that emerged from our first paper was that, not 4 " genes in the genomes of various organisms. 13) The Cys 4 genes refer to the steroid and thyroid hormone family of nuclear receptors which were also later named zinc fingers because of a similarity in the amino acid sequences suggesting the presence of zinc tetrahedrally ligated to four cysteins. The structures are however quite different from the classical C 2 H 2 finger. Note how the proportion of C 2 H 2 genes increases with greater complexity on the evolutionary scale.
only had there emerged a new protein fold for nucleic acid binding, but also a novel principle of DNA recognition. The overall design for specific DNA recognition was distinctly different from that of the helix-turn-helix motif, found in the first DNA binding proteins to be described. The latter binds to DNA as a symmetric dimer to a palindromic sequence on the DNA, thus making use of both the 2-fold symmetry of the DNA helix backbones and also the nucleotide sequence. Heterodimeric variations of this and other 2-fold symmetric designs were found later, but they still make use of the double helix symmetry.
In contrast, the zinc finger is a DNA-binding module that can be linked tandemly in a linear, polar fashion to recognize DNA (or RNA) sequences of different lengths. Each finger domain has a similar structural framework but can achieve chemical distinctiveness through variations in a number of key amino acid residues. This modular design thus offers a large number of combinational possibilities for the specific recognition of DNA (or RNA). It is not surprising that it is found widespread throughout so many different types of organisms (Fig. 3) .
The structure of the zinc finger and its interaction with DNA. We had noted, 6) that in addition to the characteristic arrangements of conserved cysteines and histidines which are fundamental in the folding of the finger by the coordinating Zn, there are three other conserved amino acids, notably Tyr6, Phe17 and Leu23, and suggested that they were likely to form a hydrophobic structural core of the folded structure. In other words, the seven conserved amino acids in each unit would provide the framework of tertiary folding, whereas some of the variable residues determined the specificity of each domain. Jeremy Berg 16) built on these original observations by fitting known structural motifs from other metallo-proteins to the consensus sequence of the TFIIIA finger motifs. His proposed model consisted of an antiparallel β-sheet, which contains a loop formed by the two cysteines, and an α-helix containing the His-His loop. The two structural units are held together by the Zn ion. In analogy with the way in which the bacterial helix-turn-helix motif binds DNA, DNA recognition was postulated to reside mostly in the helical region of the protein structure. Berg's model was soon confirmed in outline by the NMR studies of Peter Wright's group 17) on a single zinc finger in solution, and by David Neuhaus in our laboratory 18),19) on a two-finger peptide (Fig. 4) . Our work took longer to solve the structure but it had the merit of showing that adjacent zinc fingers are structurally independent in solution, being joined by flexible linkers. The question remained of the precise pattern of amino acid interactions of zinc fingers with DNA. The breakthrough came in 1991 when Nikola Pavletich and Carl Pabo, 20) solved the crystal structure of a complex of a DNA oligonucleotide specifically bound to the threefinger DNA binding domain of the mouse transcription factor Zif268, an early response gene. The primary contacts are made by the α-helix which binds in the DNA major groove through specific hydrogen-bond interactions from amino acids at helical positions -1, 3 and 6 to three successive bases (a triplet) on one strand of the DNA (Fig. 5a ). Later, the second zinc finger-DNA complex to be solved, by Fairall in Rhodes' group in our laboratory, 21) revealed an important secondary interaction from helical position 2 to the other strand ( . The structure of a zinc finger from a 2D-NMR study of a two-finger peptide in solution. 19) The same study showed that the linker between the two modules is highly flexible. 29) of the first model of modular recognition of DNA by a three-zinc finger peptide, illustrating the results of the first crystal structure determination of the complex between the DNA binding domain of the transcription factor Zif268 and an optimised DNA binding site. 20) Each finger interacts with a 3 bp subsite on one strand of the DNA, using amino acid residues in helical positions -1, 3 and 6. (b) Refined model of DNA recognition. 29 ),30) View of the potential hydrogen bonds to the second strand of the DNA ("cross-strand interactions") emanating from position 2 on the recognition helix. This is based on the crystal structure of the tramtrack-DNA complex, 21) the mutagenesis 29) and phage display selection studies of Isalan et al., 30) and on the refined structure of the Zif268-DNA complex, and of variants by Pabo and his colleagues. 48) The fingers ideally bind 4 bp overlapping subsites, so that adjacent fingers are functionally synergistic though structurally independent. see below). This is the canonical docking arrangement, but there are however some wide variations from this arrangement in the family of zinc finger -DNA complexes now known. There are also, of course, still other interactions such as with the phosphates of the DNA backbones, but these do not play a direct part in specific recognition.
Zinc finger peptides for the regulation of gene expression. The mode of DNA recognition by a finger is thus principally a one-to-one interaction between individual amino acids from the recognition helix to individual DNA bases. This is quite unlike the case of other DNA-binding proteins, where one amino acid may contact two bases and vice versa. Moreover, because the fingers function as independent modules, fingers with different triplet specificities can be linked to give specific recognition of longer DNA sequences. For this reason, the zinc finger motifs are ideal natural building blocks for the de novo design of proteins for recognizing any given sequence of DNA. Indeed the first experiments by Berg and others, using site-directed mutagenesis, showed that it is possible to alter rationally the DNA-binding characteristics of individual zinc fingers when one or more of the amino acids in the α-helical positions are varied. As a small collection of these mutants accumulated, it became possible to find some regularities or "rules" relating amino acids on the recognition α-helix to corresponding bases in the bound DNA sequence.
In our laboratory, my colleagues and I adopted a different approach. The reason was that the "rules" did not take into account the fact that real DNA structures are not fixed in the canonical B form but, as we had shown, there are wide departures, depending on the DNA sequence. 22) , 23) This was further brought home to us by the structure of the zinc finger -tramtrack DNA complex. 21) Here the helical position used for the primary contact by the first finger with the 3'-most base of the cognate triplet (thymine) is not the canonical -1, but 2. The cause is that the DNA helix is deformed from the B form, with the thymine followed by an adenine at a helical rotation angle of 39˚, rather than the canonical 36˚, and preceded by another adenine at an angle of 33˚. The interaction with the finger thus occurs at an ATA sequence which has unusual flexibility, as I had noted long ago. 22) DNA is not a rigid, passive participant in its interaction with proteins.
Affinity selection from a library of zinc fingers by phage display. The alternative to this rational but biased design of proteins with new specificities was the isolation of desirable variants from a large pool or library. A powerful method of selecting such proteins is the cloning of peptides 24) or protein domains 25) as fusions to the minor coat protein (pIII) of bacteriophage fd, which leads to their expression on the tip of the capsid. Phage displaying the peptides of interest can be affinity purified by binding to the target and then amplified in bacteria for use in further rounds of selection and for DNA sequencing of the cloned genes. We applied this technology to the study of zinc finger-DNA interactions, after my colleague, Yen Choo, had demonstrated that functional zinc finger proteins could be displayed on the surface of fd phage, and that such engineered phage could be captured on a solid support coated with the specific DNA. 26),27) The phage display method was also adopted by other groups working on zinc fingers, including those of Carl Pabo and Carlos Barbas.
We created phage display libraries comprising about 10 7 variants of the middle finger from the DNAbinding domain of Zif268. A DNA oligonucleotide of fixed sequence was used to bind and hence purify phage from this library over several rounds of selection, returning a number of different but related zinc fingers which bind the given DNA. By comparing similarities in the amino acid sequence of functionally equivalent fingers, we could deduce the likely mode of interaction of these fingers with DNA. Remarkably we found that most base contacts occur from three primary positions on the α-helix of the zinc finger, correlating well with the implications of the crystal structure of Zif268 bound to DNA. 20) This demonstrated ability to select zinc fingers with desired specificity meant that, as the data from the selections accumulated, some wider general rules could be devised for a recognition code, 27) and hence that DNAbinding peptides could be made to measure using the combinatorial strategy exemplified by TFIIIA. In other words these general rules could be used for the "rational design" of a zinc finger peptide to recognise a short run of DNA sequence by "mixing and matching" individual specific fingers. Where the general rules for finger specificity led to an ambiguity, as in the case of closely related triplets, e.g. GCG and GTG, we showed that zinc finger modules could nevertheless be selected to discriminate between them.
27)
Use of engineered zinc finger peptides to repress gene expression in a mouse cell line. One interesting possibility for the use of such zinc finger peptides is to target selectively genetic differences in pathogens or transformed cells. In December 1994 we reported the first such application, 28) in which we built a protein which recognized a specific DNA sequence both in vitro and in vivo. This was a crucial test of our understanding of the mechanism of zinc-finger DNA recognition. The proof of principle led ourselves, and later others, to devote our future studies on zinc fingers to potential applications in gene regulation for research purposes or for therapeutic correction. It also stimulated the creation of the first biotech companies, Sangamo Biosciences and later Gendaq (see below), to exploit the new technology. In summary, we created a three finger peptide able to bind site-specifically to a unique nine base-pair region of the p190 bcr-abl cDNA: this is a transforming oncogene which arises by translocation between the tips of chromosomes 9 and 22, of which one product is the Philadelphia chromosome. The latter contains a novel DNA sequence at the junction of two exons, one each from the two genomic parent bcr and abl genes. Our engineered peptide discriminated in vitro against like regions of the parent bcr and c-abl genes, differing in only a single base out of the nine base pair target, by factors greater than one order of magnitude.
Our peptide also contained a nuclear localization signal (NLS) fused to the zinc finger domain so that the peptide could accumulate in the nucleus. Consequently, stably transformed mouse cells, made interleukin-3 independent by the action of the oncogene, were found to revert to IL-3 dependence on transient transfection with a vector expressing the peptide. Our construct was also engineered to contain a c-myc epitope, which enabled us to follow by immunofluorescence the localization of the peptide to the nuclei of the transfected cells. When IL-3 is subsequently withdrawn from cell culture, over 90% of the transfected p190 cells become apoptotic (that is, showing chromosome degradation) within 24 hours (Fig. 6, left) . Our experiments were repeated on cells transformed by another related oncogene p210 bcr-abl, which served as a control. All transfected p210 cells maintained their IL-3 dependence, and remained intact on entry of the engineered peptide (Fig. 6, right) .
Measurements of the levels of p190 bcr-abl mRNA extracted from cells treated with the peptide showed that the repression of oncogenic expression by the zinc finger peptide was due to a transcriptional block imposed by the sequence-specific binding of the peptide, which, with its highly basic NLS, presumably obstructed the path of the RNA polymerase. In later experiments to inhibit gene expression we used in addition a repression domain, such as the Kox domain from the Xenopus KRAB zinc finger family.
Promoter-specific activation by a chimeric zinc finger peptide. These experiments showed that a zinc finger peptide could be engineered to switch off gene expression in vivo. In the same paper 28) we described other experiments on a different cell system (cultured mouse fibroblasts) to show that a gene could also be switched on in a similar way. We used the same nine base pair sequence, but this time as a promoter for a CAT reporter gene contained in a plasmid. The peptide, which recognized the promoter sequence, was fused to a VP16 activation domain from Herpes Simplex virus and, on transient transfection, stimulated expression of the reporter gene by a factor of 30-fold above controls. Improving zinc finger specificity by protein engineering. (i) Having shown proof of principle that engineered zinc finger peptides could be used to target DNA, we focussed our subsequent work on improving the specificity of recognition. While the main source of specificity lies in the amino acids at positions -1, 3 and 6 of the recognition α-helix of a zinc finger for successive bases lying on one strand of a DNA triplet, we found that the "cross-strand" interaction described above from helical position 2 to the neighbouring base pair on the adjacent triplet (Fig. 5b) can significantly influence the specificity. 29) Therefore it has been necessary to revise the simple model that zinc fingers are essentially independent modules that bind three base-pair subsites to a model that considers functional synergy at the interface between adjacent independently folded zinc fingers. In this revised model, Zif268-like zinc fingers potentially bind four base-pair overlapping subsites 30) (Fig. 5b) .
We have therefore redesigned 31) our method of phage library construction to allow for the optimisation of the interaction that a finger makes with the DNA binding site of the adjacent N terminal finger. We adopted a bipartite selection strategy in which two halves of a three-finger DNA-binding domain are selected separately and then recombined in vitro to make a complete three-finger domain which binds nine base pairs and in which the interface synergy between its constituent three fingers has been automatically allowed. These two separate (non-overlapping) libraries are then used to perform the bipartite selections. Because all the steps are carried out in vitro, the method is rapid and easily adapted to a high-throughput automated format. This was applied commercially by an MRC spin-off company Gendaq (later acquired by a Californian biotech company Sangamo Biosciences) for up to 2 × 4 5 = 2048 binding sites to create a large archive of zinc finger peptides which recognise a vast number of nine DNA base pair sequences.
(ii) An important step forward has been to increase the length of the DNA sequence targeted and hence its degree of rarity. At the same time there would be expected an increase in the binding affinity of the longer zinc finger construct. Three zinc fingers recognize nine base pairs, a sequence which would occur randomly many thousand times in a large genome. Therefore six fingers linked together would recognize a DNA sequence 18 base pairs in length, sufficiently long to constitute a rare address in the human genome. However one cannot simply go on adding fingers with the conventional linkers, because the periodicity of the packed fingers does not quite match the DNA periodicity. They thus tend to get out of register and are strained in doing so, leading to only a small increase in affinity. In recent years, we have learned how to engineer longer runs of zinc fingers which can target longer DNA sequences and have affinities a thousand times greater than three-finger peptides 32),33) (Fig. 7 ).
An early design 34) was to use a longer more flexible linker between two different pre-existing three-finger domains to form a six-finger peptide but this has not been used much in practical applications. The method of choice in current use is that developed in Cambridge by Moore et al. 33) (and later transferred to Sangamo via Gendaq). This uses two-finger binding domains which can be obtained from the archive described above. Three of these are assembled into six-finger domains, using longer variants of the conserved TGEKP linkers (Fig. 7, bottom) . The linkers contain an extra glycine residue or a glycine-serine-glycine tripeptide between the constituent two-finger modules. Such six-finger domains (denoted 3 × 2F) bind their 18 bp targets with picomolar affinity, as also do six fingers made by linking two three-finger domains (2 × 3F) made with an extended linker. 33) However the advantage of the 3 × 2F over the 2 × 3F strategy is that it is much more sensitive to a mutation or an insertion in the target sequence, with a loss of affinity of up to a 100-fold. Thus the 3 × 2F peptide discriminates more strongly than the 2 × 3F peptide between closely related DNA target sequences. The logic behind this 3 × 2F design was that the strain in binding longer DNA targets is more evenly distributed than in a 2 × 3F construct, and it indeed turned out to have the advantage described. These six-finger peptides not only have picomolar affinities for their 18 bp targets but also give virtually single gene recognition 35) when tested on DNA microarrays displaying twenty thousand different sequences. A library of two-finger peptides was begun in Cambridge and later transferred to the archive at Gendaq-Sangamo. Another strategy we developed 32) was to target two non-contiguous 9 base pair DNA sequences separated by up to 10 bp of non bound DNA. Using a non-specific binding finger (in which all key amino acids had been mutated to serine) as a structured linker, we found that it could span a gap of 7 to 8 bp and maintain picomolar affinity. In contrast, the use of a flexible linker such as (GSG) n displayed no preference for a length of span, but the affinity was reduced to ~50 pM, probably attributable to the increased conformational entropy of the long peptide. These strategies have not so far been deployed. Some applications of engineered zinc-finger proteins. Zinc finger proteins (ZFPs) can be engineered with a variety of effector domains fused to polyzinc finger peptides which can recognise virtually any desired DNA sequence with high affinity and specifity. They thus form the basis of a novel technology which has increasing uses in research and medicine. An excellent summary of numerous such applications is given by Pabo and his colleagues. repeat activated by the tat protein effectively repressed expression, and preliminary experiments in a cellular infection assay gave a 3-fold drop in infectivity.
(ii) Disruption of the effective cycle of infection of herpes simplex virus (HSV). 38) A ZFP transcription factor designed to repress the promoter of a viral gene that is 38) The peptides are targeted to the viral gene IE175K, the first of the six immediate early genes to be expressed by the virus. A six-finger recognition peptide 6F6KOX reduces the virus titre ten-fold, while a three-finger peptide produces only a 3-fold reduction. Fig. 10 . Gene correction using a pair of three-zinc finger protein nucleases (ZFNs) 44) to produce a double stranded DNA break. The zinc finger peptides are linked to the non-specific catalytic domain of the Fok1 endonuclease by a short amino acid linker. In the 3D-structure the two catalytic domains form a dimeric association. Fig. 9 . Gene modification or correction using homologous recombination 42) via "short-path gene conversion" stimulated by a double stranded break (DSB). 43) The left side schematically depicts the repair of a random X-ray-induced DSB by homologous recombination using the sister chromatid as the repair donor. As shown on the right, a site specific DSB is created by zinc finger protein nucleases (Fig. 10  above) .
normally activated first in the replication cycle produced a 10-fold reduction in the virus titre in an infected cell line (Fig. 8 ). This is a good result, considering that there are five other "immediate early" genes which contribute to the infection. Several more of these would have to be repressed to reduce the titre further.
(iii) Activating the expression of vascular endothelical growth factor (VEGF-A) in a human cell line 39) and in an animal model. 40) These experiments have led to a therapeutic application (see below).
(iv) Regulation of the level of zinc finger expression by a small molecule. 41) This will be important in controlling the dose and timing for a therapeutic application. An efficient way of achieving this is by fusing the ZFP to the ligand binding domain of a steroid hormone nuclear receptor. In the absence of hormone, the ZFP transcription factor is retained in the cytoplasm, but after ligand binding the ZFP translocates to the cell nucleus in active form.
Stimulation of new vasculature by engineered ZFPs.
Following the work at Sangamo on the activation of the transcription factor VEGF by ZFPs in mouse and human cell lines, 39) experiments showed that new blood vessels could be formed in a mouse ear. 40) These did not leak, unlike the results which had been obtained by earlier workers who had been delivering various cDNA spliced isoforms of the gene. The reason for the success with ZFP activation is that the latter acts on the promoter of the VEGF gene, and hence all spliced isoforms are naturally produced when the gene is induced to promote angiogenesis. Subsequent work by Frank Giordano at Yale and Brian Annex at Duke University showed increased blood flow in hindlimbs of ischaemic rabbits, with the ZFP delivered by a retrovirus or simply by injecting the DNA. On the basis of this, and other confirmatory work, Edwards Life Sciences, a licensee of Sangamo, was last year granted an IND by the FDA to begin clinical trials to evaluate the ability of an appropriate ZFP to stimulate the natural growth of normal blood vessels in treating claudication, a symptom of peripheral arterial obstructive disease that causes poor blood flow in the legs. If these trials are successful a ZFP of this kind could ultimately have possible use in ischemic cardiac disease, if an effective delivery system can be devised.
Gene Correction by homologous recombination using sequence-specific zinc finger nucleases. Gene Correction is the process by which sequence alterations in defective or deleterious genes can be changed or "corrected" by homologous recombination (HR)-mediated gene conversion between the target locus and a donor construct encoding the corrective sequence (Fig. 9) . Monogenic disorders such as Xlinked severe combined immune deficiency (SCID), sickle-cell anemia (SCA), haemophilia, and Gaucher's disease are caused by the inheritance of defective alleles of a single gene. The ability to replace this gene sequence via HR-mediated gene correction has the potential of fully restoring the gene function and providing a permanent cure for patients with these disorders. However, this process is highly inefficient in that the frequency of unaided HR at a specific locus occurs in only about 1 in 10 5 cells. 42 ) This is far below a level that would be considered therapeutic. A double-stranded break (DSB) has been demonstrated by Jasin 43) to potentiate HR at a specific genetic locus by ~5,000-fold. Therefore, the introduction of a corrective donor sequence together with a site-specific nuclease that would produce a DSB at or near the location of the mutation could stimulate Gene Correction to levels that would provide a therapeutic impact. Jasin's demonstration was based on artificially introducing into an endogenous gene of a human cell line an 18 bp DNA sequence, which was the specifity binding site for the homing endonuclease Sce1 and which had only a small probability of occurring naturally elsewhere in the genome. However, to carry out gene correction in native cells requires the specific targeting of the mutated sequence and a zinc finger peptide fused to a nuclease domain is the natural choice. A nuclease of this type has been developed by Chandrasegaran 44) using an engineered ZFP fused to the non-specific cleavage domain of the Fok1 type II restriction enzyme. This type of zinc finger nuclease has been used by Dana Carroll 45) to produce mutants in Drosophila by gene "correction" and by Matthew Porteus 46) in a GFP model system to study gene modification in a human cell line. Following Chandrasegaran, the three-finger ZFP nucleases are introduced as pairs with tandem binding sites engineered in opposite orientations (Fig. 10) , with a 6 bp spacing separating the two half sites. In both cases the efficiency of the targeting is not very high but this was not crucial to these studies. Indeed some of the Drosophila mutants are lethal, but they are normally selected on the phenotype. Both studies showed that a ZFN-produced DSB can markedly increase the rate of homologous recombination between a donor DNA construct and a reporter gene in their two different systems. The aim of recent work at Sangamo Biosciences, led by Michael Holmes, Fyodor Urnov and Philip Gregory, is to use zinc finger nucleases to create DSB's at specific sites of mutation in the human genome responsible for monogenic disorders. After experiments on model systems to optimise ZFN-driven gene correction, they set out to determine whether ZFNs could evoke a comparable increase in HR frequency at an endogenous gene. They have focussed their efforts on the IL2Rγ gene in which loss-of-function point mutations cause X-linked severe combined immunodeficiency disease (SCID). In the absence of bone marrow transplantation or gene therapy, this leads to death in early childhood. Treatment for the disease by gene therapy 47) has been performed by inserting one or more copies of the normal gene in the chromosomes of a number of affected children, that is, by gene addition rather than gene correction. After successful treatment of the majority of the 48) : high-frequency homologous driven repair at the endogenous IL2Rγ locus of leukaemic K562 cells driven by designed ZFNs. Cells were transfected with the indicated plasmids (at two different concentrations indicated by "low" and "high" to ensure that the exogenous DNA load was not limiting). The donor DNA was marked by a BsrBI restriction site (not present in the K562 genome) which was created by replacing a single nucleotide of one codon so as to preserve the amino acid code. After 1 month, genomic DNA was isolated, digested to completion with EcoRl, BsrBI, and DpnI, and the percentage of BsrBI-carrying chromosomes was measured by Southern blotting with the probe indicated. A Sph1 restriction fragment is also shown as a size marker. patients, two of them died some years later of leukaemia, probably because the random insertion of the vector led to an LM02 gene coming under inappropriate control.
The middle exon of IL2Rγ contains SCID mutation hotspots. Since maximal homology driven recombination occurs when a DSB is evoked at or close to the mutated site, the Sangamo workers engineered a pair of ZFNs specific for the exact location of the mutation on the X chromosome. Two DNA binding domains were assembled from the zinc finger archive described above, each containing four highly specific zinc-finger motifs, and thus simultaneously recognising two different 12 bp sites, separated by a fixed distance between them. The chance of this particular pattern existing elsewhere in the genome is negligible. Having confirmed in vitro that the proteins bind as intended, they next improved them further by single amino acid substitutions in the zinc finger recognition helices which gave a further five-fold increase in potency. The results 49) show an 18-20% rate of gene correction in the target cells, which was stable after one month in culture (Fig. 11 ). This accomplishment is dramatic, with an increase by many orders of magnitude over anything achieved in the past by "gene targeting", particularly as no selection has been used. Moreover measurements of both the mRNA and protein levels expressed by the corrected IL2Rγ gene showed that the mutation had been efficiently and stably corrected. The next step in curing SCID disease would be to isolate CD34 progenitor cells from the patient's bone marrow, and correct them ex vivo. After this gene correction, the cells would be allowed to expand and then re-introduced into the bone marrow to repopulate it with corrected cells. Of course an extensive study of ZFN safety (e.g. no other DSBs created outside the target? immunogenecity?) would first have to be undertaken, but there is every prospect of gene correction eventually becoming a reality for SCID and other monogenic diseases.
